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Abstract

The aim of this work is to study the catalytic activity of titanate nanorods materi-
als doped by platinum and gold nanoparticles in the photodegradation reaction of
methyl orange. Nanorods are metalized by deposition precipitation with urea and
impregnation at 2 wt% of metal. The characteristics of materials are determined
using the following methods: photoelectron spectroscopy, transmission electron
microscopy, UV-Vis in reflection diffuse (RDS/UV-Vis), X-ray diffraction, N,
adsorption—desorption and ICP analysis. The results of characterization proved the
formation of nanorods structure using hydrothermal method and an almost total
homogeneous deposition of the metallic nanoparticles on the nanorod surface. All
materials are used in the photodegradation of organic pollutant dye (methyl orange)
under UV or visible irradiations. Pt doped nanorods shows the best catalytic activity
in the photodegradation of dye. The conversion and mineralization rates achieved
100 and 78%, respectively.
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Introduction

Organic compounds in wastewater, such as dyes and pigments in industry effluents
and recently pharmaceutical wastes are toxic, mutagenic and carcinogenic. They
present a real danger on aquatic living and humans. Dyes are an example of pol-
lutants released in the environment in significant proportions and difficult to elimi-
nate [1-3]. Several methods to resolve this problem have been reported, including
adsorption, coagulation and ultrafiltration but these techniques cannot resolve the
problem completely [4, 5]. Since several years, the Advanced Oxidation Processes
(AOP) appears as innovative water treatment technologies. Among these AOP,
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heterogeneous photocatalysis employing semiconductor photocatalysts to degrade
dye wastewater is an environmentally friendly technology [4—10]. The aim of the
photocatalytic process is to break the big organic dye molecules into simple mol-
ecules such as carbon dioxide, water and inorganic (biodegradable intermediates)
[11].Titanium dioxide (TiO,) has been widely used and investigated for photochem-
ical purposes, due to the stability of its chemical structure, optical and electronic
properties, low cost, non-toxicity and especially its photocatalytic features [12—14].
Typically, TiO, can only respond in the ultraviolet region due to its wide band gap
(around 3.2 eV). Only a small UV fraction of solar light (3-5%) can be used. There-
fore, the improvement of titanium dioxide photocatalytic activity is important to
extend it in the visible region, usually by the decrease of the band gap [15-18]. Dep-
osition of noble metals such as Pt and Au on the surface of TiO, improves its photo-
catalytic activity [12, 19, 20]. Hernéndez et al. [12] reported that doping TiO, by Au
and Pt can change its properties and also the band gap energy. The catalytic activ-
ity of Ag;VO, doped TNR (average diameter of about 50-150 nm) exhibit a higher
photocatalytic activity for the decomposition of gaseous toluene compared to pure
TNR under visible light irradiation. The conversion of toluene over 1% Ag;VO,/
TNR achieved 70% after 4 h under visible light irradiation. This important activ-
ity was related to the strong absorption of this catalyst in visible-light region and
excellent charge separation characteristics [21]. It was evoked that the active species
involved in the photocatalytic degradation of toluene were: OH" and O,"" radicals.
The introduction of the dopant Ag;VO, can improve the spectral response of TiO,
from the UV to visible region [21]. In the same reaction, the black NiO/TNR (with
an average diameter of ~180 nm) exhibit 80% of photodegradation conversion and
56% of mineralization efficiency, which are 7.9 and 4.5 times higher than those of
TNR. Detailed characterizations reveal that highly dispersed NiO and p—n hetero-
junction effectively facilitate light-harvesting, separation and transfer of photo-gen-
erated charge carries, and significantly inhibit the recombination of electrons and
holes. Furthermore, the realignment of band structure and the p—n heterojunctions in
NiO/TNR result in the production of O, and h* with a longer lifetime, which could
efficiently attack the aromatic ring of toluene. The efficient adsorption of toluene
by H-bonding formation also facilitates the photo-oxidation of toluene on NiO/TNR
[22].

In the present study we will study the effect of the preparation method on the
production of nanorods from commercial anatase. These nanostructures will sub-
sequently be used as a support for metallic nanoparticles (gold and platinum). The
prepared catalysts are: titanate nanorods (TNR), monometallic catalysts: Au/TNR,
Pt/TNR and bimetallic catalyst (Au—Pt/TNR). The obtained catalysts are used in
the photodegradation of methyl orange which is a model pollutant used as a dye in
industry.

Materials

TiO, (anatase), NaOH, HCI, Pt(NH;),(NO;), (purity 99.995%, sigma Aldrich),
HAuCl, (10 g L") (99.99% sigma Aldrich).
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Preparation of catalysts

TNR are prepared by hydrothermal treatment method using TiO, (anatase) as the
raw material. Briefly, 4 g of titania is mixed with 50 mL of NaOH (10 M) and aged
used ultrasound bath during 10 min. The mixture is then transferred in a Teflon flask
and then the temperature is reported to 180 °C during 48 h. the obtained solid is
then washed several times with distillated water, neutralized by a solution of HCI
and finally washed with distillated water to eliminate the undesired ions (CI~, Na™).
Doping TNR is realized using different ways; for gold-based catalyst, Au is doped
using conventional homogenous deposition precipitation. However, the platinum is
introduced to Pt/TNRS catalyst using impregnation. Pt/TNR is prepared by dissolv-
ing 0.02 g of platinum precursor (Pt(NH;),(NO;),) in ultrapure water, then for this
solution into a beaker which contains 0.99 g of TNR. This mixture is stirred for 2
h at room temperature. Then, the evaporation of the solvent is carried out in a sand
bath (60 °C) for about 5 h, followed by drying in an oven (120 °C) for 24 h and
finally calcination of the catalyst at 500 °C for 2 h.

Characterization methods

Surface characterization by photoelectron spectroscopy (XPS) is realized on a
SPECS spectrometer, using constant pass energy of 40 eV. The spectrometer main
chamber is fixed at 5-6 x 107'° bar, and the machine is connected with a PHOIBOS
150 9MCD hemispherical electron analyzer, using Al K, (hp) 1486.6 eV at 250 W
and 12.5 kV. Zn 2ps, signal (1022.4 eV) is employed as the internal energy ref-
erence in all experiences. The photoelectron spectra are analyzed using Casa-XPS
software. The effective contents of Au and Pt in the catalysts are determined by
ICP chemical analysis. X-ray diffraction (XRD) is conducted on MiniFlex II dif-
fractometer irradiated with Cu K, radiation, scanning speed of 0.01° and acquisition
time 2° min~'. The transmission electron microscopy (TEM) analysis of the cata-
lysts is performed in a JEE-2200FS transmission electron microscope operated with
an accelerating voltage of 150 kV. The Diffuse Reflectance UV—Visible analyses
(DRS/UV-Vis) are realized using Varian spectrometer model Cary 100 operational
with an integrating sphere using BaSO, as reference. The N, adsorption—desorp-
tion isotherms are realized using 3Flex instrument (Micromeritics). The catalysts are
degassed at a temperature of 250 °C under N, gas all the night.

Photodegradation of methyl orange

The photocatalytic performances of the prepared catalysts are evaluated in the deg-
radation of methyl orange (MO) under different irradiations. Photocatalytic tests
are carried out using a discontinuous batch system, which includes a 250 mL Pyrex
reactor enveloped by aluminum foil, filled with an aqueous suspension (100 mL)
containing 20 mg L™! of MO and the photocatalyst (1 g L™!).The tests are carried
out with an Osram Ultra-Vitalux (300 W) with a sun-like spectrum and a main line
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Table 1 Textural and optical 2 —1
Sampl S Total vol E
characteristics of the studied ampres per (M7 87) N % VE)] ume pores - Eg(eV)
. (cm” g77)
materials
TNR 186 0.54 2.05
2%Pt/TNR 181 0.40 1.69
2%Au/TNR 183 0.45 2.09
T§b|e2 Chemical f:omposition Materials Metalyeorical Pt (wt%) Au (Wt%)
of the prepared solids (Wt%)
determined by ICP chemical
analysis PUTNR 2 1.98 -
Au/TNR 2 - 1.92

in the visible. The intensity of the visible incident light on the solution is meas-
ured with a photometre PMA 2200 (Solar Light C,) being about 110 W m™ (pho-
topic sensor PMA2130, spectral response 400700 nm). In order to promote the
adsorption—desorption equilibrium, before illumination, the suspension is stirred
magnetically during 20 min in the dark. The total reaction time is 120 min for all
tests. The concentration of MO during the photodegradation reactions are measured
using UV-Visible spectroscopy, considering the main peak of MO centered at 465
nm. The Total Organic Carbon is monitored using a TOC Shimadzu 500 analyzer.
Degrees of mineralization (%) are evaluated by TOC values over 2 h of irradiation,
for all photo-assisted processes studied, using the formula:

Final TOC

Mineralization D =[1—— % 100
meraltization egree In[t[al TOC

Results and discussion

The textural properties of the materials measured by N, adsorption—desorption are
summerized in Table 1. These isotherms are of type IV (Fig. S1), with a hysteresis
loop, signifying a mesoporous structure of the materials. On the other hand, the hys-
teresis loop is of the H3 type which corresponds to aggregates or agglomerates of
particles forming slot-shaped pores, of non-uniform sizes. The results indicate that
metal deposition on the TNR surface enables a slight decrease of the BET surface
area of support. This phenomena can be explained by some fine porosity bloking
upon the the formation of small clusters from the aggregation of gold and platinium
particles.

Chemical composition of mono and bimetallic samples are shown in Table 2. We
observed an important deposition rate of metals (Pt and Au) in the case of Au/TNR
and Pt/TNR.
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XPS analysis is carried out to verify the chemical, the electronic structure of
catalysts and the valence states of various species present therein. Fig. S1 pre-
sents the Ti 2p, O 1s, Au 4f and Pt 4f XPS spectra of catalysts fitted with Gauss-
ian distribution. The values of the binding energy are calibrated using C 1s peak
(285.1 eV) as internal standard. The binding energies at 458.5 and 464.4 eV
linked to the Ti 2p;;, and Ti 2p,,, of Ti (IV), respectively. In the case of O (1s)
spectra (Fig. S2A), the peak at 531.9 eV is related to the —OH, while the binding
energy at 529.8 eV corresponded to the Ti—O in which the valence of Ti is IV
[21, 23]. In Fig. S2A, the Pt 4f peak of Pt/TNR contains four peaks related to the
oxygenated Pt>* and Pt** ions in the form of: PtO species (at 72.3 (4f,,,) and 75.1
eV (4f5),)), and PtO, species (73.8 (4f;,,) and 77.2 eV (4fs,,)) [22-25]. The cata-
lyst Au/TiO, (Fig. S2B) shows that the metallic state of gold (Au’) is the single
metallic species on TNR surface. It presents two peaks at 84.0 and 87.6 eV linked
to 4f,,, and 4f5,, [25-28], respectively.

Fig. S3 shows RD/UV-Vis spectrum of TNR. It shows an important absorption
in the UV region which is linked to the charge transfer between tetrahedral Ti*" spe-
cies and oxygenated ligand like: O,~,0—-H, O-Ti or even H,O and to the Ti** cations
in octahedral environment. After doping, the bands of the TNR are style present
with a weak shift in comparison with TNR spectrum. This may be related to the
interaction metal-support [27, 29]. Au/TNR catalyst presents an important absorp-
tion located around 562 nm (See Fig. S3); which is linked to the plasmonic reso-
nance band produced by the metallic spherical gold nanoparticles; this band is influ-
enced by the shape, the environment and the concentration of gold nanoparticles
[28-35]. The adsorption in the visible region of the metalized TNR is attributed to
the plasmonic band of the gold nanoparticles, this band improves the adsorption of
the doped material in the visible region [31, 36].

The band gap energies can be obtained as the following equation
(aho)nzk(hD—Eg), where a is the absorption coefficient, k is a constant, hv is the
photonic energy, E, is the absorption band gap energy, n is 2 and 1/2 for a direct
and indirect band gap semiconductor [32, 36-38]. Table 1 regroups the gap energy
values of different materials. The results indicated that metalized TNR catalysts rep-
resent a red shift (Fig. S4). The band gap energies are located between 1.69 and 2.81
eV compared to the pristine TNR (2.05 eV).

Fig. S5 displays the XRD pattern of the TNR and metalized TNR. The presence
of sodium tri-titanate having the formula: Na,Ti;O, (JCPDS 31-1329) is confirmed.
This result is in agreement with those evoked in the literature, where several struc-
tures as A,Ti,Oy-H,O and A,TigO,; (A=H, Na, and K) types have been evoked
resulting of a layer condensation pending the hydrothermal condensation [22]. The
XRD spectra of metalized catalysts did not change significantly with the addition of
Au and Pt nanoparticles, except that the diffraction peak located at 20 =10.4° shifted
slightly to a smaller angle at 26=10.2° in the case of metalized materials. The peak
centered around 10.4° is due to the reflection of the (2 0 0) crystal plane and the
shift toward a smaller diffraction angle is linked to the OH group in the alkaline
TNR supports, which is attributed to the interlayer distance in the TNR wall [36,
38]. In addition, Au and Pt peaks are not detected because of the small metal amount
used and dispersed nanoparticles.
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Fig. 1 TEM images of a TNR, b Pt/TNR and ¢ Au/TNR

Fig. 1 shows the TEM images of the studied catalysts. We note that the TNR sup-
port has a hollow structure in the form of a nanorod having different dimensions.
The length of the nanostructures varies from 20 to 120 nm while the width is almost
homogeneous in the order of 8 nm. It is clear that doping does not cause any change
in the structure of the dopant itself (Au or Pt). However, it is possible to detect some
particles of the dopants in Fig. 1.

In conclusion of this part, we can say that the hydrothermal method made it
possible to achieve the hollow nanorod structure. The TNR are doped with gold
and platinum nanoparticles using deposition precipitation with urea or impregna-
tion leading to a total and homogeneous deposition of the metal nanoparticles. The
metallic nanoparticles have different oxidation states: Pt**, Pt?*, Pt°, Au**, Au’. The
materials obtained possess a large surface and an adequate gap energy which allows
them to be applied in several types of reaction.

Photocatalytic activity

Fig. 2 shows conversion plots for photocalytic transformation of MO under visible
illumination using TNR, Au/TNR and Pt/TNR materials. After 120 min of reac-
tion, the undoped-TNR shows a low degradation rate which does not exceed 30%.
However, no mineralization of the MO has been shown as shown in Fig. 3. It is
clear that the catalyst Pt/TNR presents the best performances with a total conver-
sion after just 30 min under visible illumination. However, the photocatalyst Au/
TiO, achieved only 30% of conversion after 60 min of reaction. The TOC analysis
indicates a degree of mineralization around 70% for the platinum-based photocata-
lyst and slightly more than 40% for the others ones. The results demonstrated that
Pt/TNR has a significant increase of the photodegradation rate as compared to the
other catalysts.

Pt nanoparticles acts as an electron trap; electrons generated on the TNR surface
under irradiation quickly move to the platinum nanoparticle surface and facilitate
the separation effective of electrons and photogenerated holes, resulting an impor-
tant improvement of the photocatalytic activity [37, 39].

In Fig. 4 shows the conversion plots of MO, using different amount of plati-
num: 0.5, 1, 2 and 5 wt% under visible irradiation. It is possible to observe that
the transformation of MO for photocatalysts 1%Pt/TNR and 2%Pt/TNR remains
unchanged; more than 94% of conversion after 30 min of visible-illumination is
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Fig.2 Conversion plots for photocatalytic transformations of MO using, TNR, Au/TNR and Pt/TNR
materials under visible-illumination
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Fig.3 The histograms of TOC and mineralization rates after 2 h of visible-irradiation of the different
catalysts
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Fig.4 Conversion plots for photocatalytic transformations of MO using x% Pt/TNR under UV-illumina-
tion

obtained. Though, with the photocatalyst at 5 wt% of Pt the conversion of MO
achieved 98% after 20 min of irradiation. The TOC measurements indicate a
degree of mineralization ranging 34, 50, 70 and 90% for the photocatalyst at 0.5,
1, 2 and 5% wt of Pt. At 2 wt%, the Pt plays a positive role of electron acceptor;
more accepting centers receive increasing Pt doping. Therefore, the mineraliza-
tion rate of methyl orange increases with the increase of Pt loading as is shown in
Figs. 2 and 3.

We thought we studied the activity of TNR under UV irradiations in the presence
of an oxidizer such as hydrogen peroxide.

The Pt/TNR catalyst showed significant stability via the photodegradation of the
orange methyl under visible irradiation (Fig. S6). This suggests that this catalyst can
find future applications on a large scale and in industry.

Influence of the activation of TNR with H,0,

In photocatalysis, addition of an oxidant such as H,O, should be beneficial to
the formation of hydroxyl radicals (OH") as is shown in reactions 1, 2 and 3. The
hydroxyl radical is a dominant and strong oxidization species in photocatalytic pro-
cess. It is able to oxidize a variety of organic substances completely on the surface
of TiO, illuminated using UV light. Therefore, addition of H,0O, should facilitate the
generation of OH" and consequently promote the photodegradation process [39—42].
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H,0,+¢e” - OH™ + OH (1)
H,0, + O, — O, + OH™ + OH' )
H,0, + ho — 20H 3)

In this part of the study, an initial concentration of H,0, is added in presence
of TNR and P25 at a concentration of 5 mL g~'. Then, the samples are leave until
the adsorption equilibrium is reached. A yellow-colored complex appeared for the
samples after H,O, addition and a stronger coloration is observed for TNR mate-
rials. Photocatalytic tests of MO degradation are carried in the same conditions of
illumination as previously (See experimental section). The results of the conver-
sion plots for photocalytic transformation of MO under UV-illumination using
TNR-H,0, and P25-H,0, samples are represented in Fig. 5.

Fig. 5 shows the conversion plots for photocatalytic transformation of MO
under UV-illumination using TNR, TNR pretreated by H,O,, P25 and P25 pre-
treated by H,O,. The figure shows clearly a positive effect of H,O, addition for
both samples especially in the first min of reaction. H,O, is mentioned as one of
the intermediate species in titania-based photocatalytic reactions [40, 41, 43, 44].
The adsorption capacity of H,O, on titania depends on the structure and on the
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Fig.5 Conversion plots for photocatalytic transformations of MO using P25, P25-H,0,, TNR and TNR-
H,0, under UV-illumination
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catalysts surface area and the necessity of interaction between catalyst surface
and H,0, to be degraded [43, 45].

A yellow color appeared when the TNR are treated with H,O,. The intensity
of the coloration depended on the concentration of the H,0O, solution and on the
specific surface area of the samples as already observed by different authors. Sev-
eral works show that the yellow complex corresponds to Ti-peroxo species formed
between Ti(IV) and H,0, [45-49]. The Ti—>-peroxide is the main Ti-peroxo com-
plex formed on the surface of rutile TiO, whereas Ti—u-peroxide is mainly generated
on the anatase phase [47, 48]. The Ti-peroxo complexes proposed exists in three
forms as is shown in Fig. S7.

Conclusion

The metallization of TNR by platinum and gold can improve the visible absorption
and photocatalytic activity of the resulting catalysts. Pt/TNR prepared by impregna-
tion method shows the most important phodegradation of MO. It can be degraded
totally within 30 min under visible irradiation. Also, with the increase of Pt amount
on the catalysts the photoderagation is improved which is related to the increase of
active sites. However, gold catalyst showed lower activity in the MO degradation in
comparison with platinum catalysts. Finally, we can improve the photodegradation
of TNR by H,O, activation which leads to the formation of more OH’ radicals.
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